ABSTRACT. Prudent use of agricultural fertilizers and herbicides is paramount for sustaining or improving surface and ground water quality in Subarctic regions, but little information is available that documents the loss of chemicals from agricultural lands in the Subarctic. This study aimed to ascertain more clearly how time of application and land management practices affect the loss of bromide and metribuzin in a Subarctic soil. Potassium bromide (KBr), a surrogate for nitrate, and metribuzin, commonly used to control broadleaf weeds, were applied in the autumn of 1996 and the spring of 1997 to a silt loam that had been subjected to conventional tillage (CT), minimum tillage (disk once [DO]), and no tillage (NT) since 1983. Superimposed on the tillage treatments were the removal or retention of barley (Hordeum vulgare L.) stubble and loose straw. Loss of these chemicals was ascertained by sampling the soil profile at the time of heading of barley, before freeze-up of the soil in autumn, and after spring thaw until September 1998. Tillage and residue treatments did not influence the recovery of autumn-applied or spring-applied Br. However, recovery of Br diminished with time: about 30% of the Br applied in autumn and 45% of that applied in spring remained in the soil profile by September 1998. Tillage, but not residue, treatments influenced the recovery of metribuzin. Recovery of metribuzin at the termination of this study was 6% or more in NT soil and 2% or less in CT and DO soil; greater recovery in NT soil was presumably a result of slower degradation in NT than in CT and DO. This study suggests that bromide (and thus nitrate) and metribuzin are more prone to leaching when applied in autumn and that tillage practices affect retention of metribuzin, but not nitrate, in the soil of Subarctic Alaska.
INTRODUCTION
Prudent use of agricultural chemicals is paramount for sustaining or improving the quality of surface and ground water in rural communities. Indeed, chemical compounds from fertilizer and herbicide applications have been found in surface and ground water in many agricultural regions of the world (Wauchope, 1978; Hagebro et al., 1983; Goolsby and Battaglin, 1995; Guzzella et al., 1996) . Technologies such as soil testing and precision agriculture allow producers to regulate chemical applications according to the potential needs of the crop or the variability of soils within a landscape. Uncertainties in weather, however, can result in loss of chemicals from the landscape despite the best management practices. For example, precipitation has resulted in the loss of chemicals from the soil via leaching, runoff, or both, even though the chemicals were placed in a band near the seed (Bowman et al., 1994) or applied after crop emergence (Buttle and Harris, 1991) .
The climate and land resources of the Subarctic region of the United States, which lies from about 50˚ to 70˚ N latitude, pose challenges to crop production. The severity of the climate, for example, restricts crop diversity and yield (Siddoway et al., 1984) . In addition, most soils in this region are poorly suited for agriculture, partly because they are shallower and less fertile than other soils around the world (Visher, 1955) . Crop production is also challenged by the keen interest in preserving the pristine environment of the Subarctic. Indeed, in a region where agricultural fields adjoin pristine surface waters, environmental stewardship requires judicious use of agricultural chemicals (Boyer, 1985) .
Little information is available that documents the fate of chemicals on agricultural lands in the Subarctic. In interior Alaska, Knight and Sparrow (1993) found that fertilizer N is vulnerable to movement within a soil that is subjected to conventional tillage. Leaching of N, however, was negligible as NO 3 and NH 4 were not detected below a depth of 0.45 m in the soil profile over the course of three growing seasons. Conn and Cameron (1988) suggested that degradation is the primary cause of loss of metribuzin, accounting for 70% of loss over the course of a growing season in interior Alaska. Their study, however, quantified metribuzin near the surface of cultivated or fallow soil and did not consider movement that may have occurred below a 0.15 m depth. In Siberia, Gamzikov et al. (1985) reported that 24% of fertilizer N was used by the crop during the growing season, whereas 51% remained in the soil at harvest. They also found that 25% of the applied N was lost from the soil as a result of either denitrification or leaching during the growing season. Barsukov (1997) reported a loss of fertilizer N other than that taken up by cereal crops grown in western Siberia, but found no evidence of leaching of N. Precipitation is not generally sufficient to cause leaching during the early growing season (before early July) in Siberia. He suggested, however, that leaching of N might occur during spring as a result of snowmelt infiltration.
Virtually no information exists on the influence of time of application or land-management practices on the loss of fertilizers and herbicides from Subarctic soils. Observations in more temperate regions suggest that no tillage can result in more rapid movement of water and chemicals through the soil profile as compared with conventional tillage (Shipitalo and Edwards, 1993; Wu et al., 1995) . In addition, herbicides applied in autumn may be less susceptible to runoff and leaching than those applied in spring in areas where intense rains are less likely to occur in autumn than in spring (Sharratt et al., 2003) . This study aimed to ascertain more precisely the loss of bromide, a surrogate for nitrate, and metribuzin, a common herbicide used to control weeds, in Subarctic soils subjected to spring and autumn chemical applications and to various tillage and crop residue practices.
METHODS AND MATERIALS
This study was conducted at the University of Alaska Agricultural and Forestry Experiment Station, located near Delta Junction, Alaska (63˚55' N, 145˚20' W). Delta Junction is characterized by a continental climate, with mean annual air temperature of -2.5˚C and annual precipitation of 300 mm. Atmospheric conditions are cold and dry during winter, but warm and dry during the growing season (about 90 frost-free days). The experimental site was cleared of native spruce vegetation in 1978 and has been cropped to barley each year since 1982. The site is nearly level (0.5% slope), and the soil is classified as a Volkmar silt loam (coarse-silty over sandy or sandyskeletal, mixed, nonacid Aeric Cryaquepts). The topsoil has a bulk density of 700 kg m -3 and is composed of 45% sand and 7% clay (Sharratt, 1996) . Outwash sand and gravel generally occur below a depth of 0.5 m. The soil has a pH of 5.1 and organic carbon content of 5.8% (Sparrow and Cochran, 1988) .
Tillage-Residue Treatments
Experimental plots were established in 1983 to assess barley growth and production in the Subarctic under a range of tillage and residue management practices. The experimental design, replicated three times, was split plot with tillage as the main treatment and residue management as the secondary treatment. Tillage treatments were 1) Conventional tillage (CT) -plots were disked to a depth of 10 cm after autumn harvest and again in the spring prior to sowing, 2) Disk once (DO) -plots were disked to a depth of 10 cm in the spring only, and 3) No tillage (NT). Residue treatments were 1) Stubble/straw (SS) -stubble and loose straw remained on the soil surface after combine harvest, and 2) No stubble/straw (NSS) -stubble and loose straw were removed from the soil surface after harvest.
Chemical Applications
Loss of Br and metribuzin from tillage and residue treatments was ascertained over a two-year period from 1996 to 1998. Bromide was used in this study because it is a surrogate for nitrate (Smith and Davis, 1974) , a conservative tracer (experiencing neither gain nor loss during transport), nonreactive with the mineral and organic fractions of the soil, low in concentration in the environment, and inexpensive to apply and quantify (Davis et al., 1980) . Metribuzin was chosen for this experiment as a potential contaminant because of its low sorption coefficient (52) and high water solubility (1220 mg L -1 ) compared to other herbicides (U.S. Department of Agriculture, 2004) . Metribuzin is commonly used to control broadleaf weeds, but it had not been previously used on the experimental plots.
Potassium bromide (KBr) and metribuzin were applied to tillage-residue plots in the autumn of 1996 (autumn application) and spring of 1997 (spring application). Straw treatments were established after autumn harvest, and tillage treatments were then performed before application of the chemicals. Chemicals were applied to a 4 m 2 area within each plot. KBr (one part mixed with 10 parts dry sand) was broadcast on the soil surface at a rate of 1000 kg KBr ha -1 and metribuzin was sprayed on the soil surface at the recommended rate of 600 kg ha -1 on 4 September 1996. Soil samples taken within days of application (see below) indicated an equivalent application rate of about 600 kg Br ha -1 (standard error of 60 kg ha -1 ) and about 0.5 kg metribuzin ha -1 (standard error of 0.05 kg ha -1 ). Application of chemicals to the soil surface of the DO-SS and NT-SS treatments necessitated removing (by raking) only the loose straw (not stubble) from the treated area. Loose straw was then broadcast over the treated area immediately after the chemical application.
Spring application of KBr was completed after spring tillage, and both occurred on 7 May 1997. Metribuzin was applied on 3 June 1997 after the emergence of barley. Application of chemicals to the soil surface of the NT-SS treatment necessitated removing loose straw from the treated area. Loose straw was broadcast over the treated area after application. No further chemical (KBr and metribuzin) applications were made. Loss of Br and metribuzin in the soil profile was measured by soil sampling over the two subsequent (1997 and 1998) growing seasons. During each growing season, the area treated with chemicals was subjected to the tillage and residue management practices designated for that experimental plot. Barley was cut (about 0.2 m above the soil surface) and removed from the treated area (to minimize Br additions to the soil surface) before harvesting of plots with a combine. Farm implements were pulled slowly through the treated area to minimize the lateral movement of soil near the surface. Autumn tillage-residue treatments were performed after harvest on 16 September 1997, and spring tillage was performed on 14 May 1998. Barley was planted on 9 May 1997 and on 14 May 1998.
Soil Sampling
In the autumn of 1996, soil samples were collected before and six days after application of KBr and metribuzin (on 4 and 10 September). In the spring of 1997, soil samples were collected on 7 May (before the spring application), 8 May (one day after spring application of KBr), and 8 June (five days after spring application of metribuzin).
In both autumn and spring, precipitation did not occur from the time of application to the day of initial soil sampling. Soil samples were also collected on 1 July 1997, 25 September 1997, 5 May 1998, 9 July 1998, and 17 September 1998. These dates correspond to heading of barley in 1997, before freeze-up of the soil in autumn 1997, after thaw of the soil profile in spring 1998, heading of barley in 1998, and prior to freeze-up of the soil in autumn 1998. The soil likely remained frozen for the duration of winter beginning 3 October 1996 (23 days after soil sampling), 5 October 1997 (10 days after soil sampling), and 1 October 1998 (14 days after soil sampling), as mean daily air temperatures recorded at the Big Delta FAA weather observatory were persistently below 0˚C after these dates. Soil core samples were collected using a hydraulic soil probe equipped with a 53 mm diameter stainless steel sampling cylinder. The soil profile was sampled to a depth of 1 m except on those occasions (over 50% of the samples) when gravel prevented further insertion of the sampling tube into the profile. Two soil core samples were extracted from each plot area on each sample date. After extraction of each sample, the void was filled with untreated soil and marked for future reference. Core samples were sectioned into 0.1 m increments and consolidated by depth interval. The samples were kept frozen until preparations were made for chemical analysis.
Chemical Analysis
Frozen soil samples were thawed, air-dried, and ground to pass through a 2 mm sieve. All samples were analyzed within 90 days after thawing. On the basis of the relationship between the rate of degradation and the moisture and temperature conditions of the samples, we anticipated less than 5% loss of metribuzin from the soil samples over 90 days (Nicholls et al., 1982) . Soil samples were analyzed for metribuzin according to Basta and Olness (1992) . Samples were prepared for extraction by adding 25 mL of a methanol:de-ionized water solution (8:2 vol/vol) to 10 g of air-dried soil. This slurry was shaken and then equilibrated for three hours. The liquid was decanted through a glass filter, heated to evaporate the methanol, and then vacuum filtered through solid phase extraction (SPE) columns at 2 mL min -1 . Metribuzin was eluted from SPE columns with 2 mL of methanol and quantified by gas chromatography with a minimum detectible concentration of 10 µg kg -1 . The extraction efficiency of this procedure on spiked soil samples was 94%.
Soil samples were analyzed for Br using a colorimetric procedure similar to Olson and Cassel (1999) . Soil samples were prepared for Br extraction by adding 25 mL 0.1M (moles) NaNO 3 to 10 g of air-dried soil and shaking for 1 h. The slurry was filtered and the filtrate was analyzed for Br using an Alpkem autoanalyzer that was calibrated using standard Br solutions. Extraction efficiencies using this procedure on spiked soil samples were about 97%. The detection limit was 2 µg g -1 .
In this paper, recovery of Br and metribuzin is reported in relation to the quantity recovered immediately after application. Recovery within the soil profile on each sample date was determined from the cumulative amounts of Br and metribuzin obtained from all sections of a soil core sample. Mass of Br and metribuzin contained in each section was determined using surface bulk density profiles of the tillage treatments as reported by Sharratt (1996) and subsurface density profiles at the experimental site as reported by Sharratt (1990) .
Statistical Analysis
The experimental data were analyzed as a split plot design using Analysis of Variance (ANOVA). Least significant difference (LSD) was used to separate main treatment effects and interactions when significant F-values (p ≤ 0.05) were determined by the analysis. In addition, differences in recovery as a function of time were examined using ANOVA, with date of sampling as the subsubplot factor in a split-split plot experimental design.
RESULTS AND DISCUSSION
Atmospheric conditions were warmer and wetter than normal for the duration of this study (September 1996 through September 1998). Air temperatures were 1.1˚C above the 30-year average of -2.0˚C, while precipitation was 40 mm above the 30-year average of 615 mm over this 25-month period. Particularly noteworthy was the warm winter (October through March) of 1997-98 (Fig. 1) . Monthly air temperatures were 0.1˚ to 6.0˚C above average except in October 1997, when air temperatures were 5.0˚C below the 30-year average. Also exceptional were the dry conditions that prevailed during the first half of the growing season (May and June) and wet conditions that occurred during the latter half of the growing season (July and August) in 1997 and 1998 (Fig. 1) .
Bromide
Approximately 30% of the Br applied in September 1996 remained in the soil profile two years later (Fig. 2) . In comparison, about 45% of the Br applied in May 1997 remained in the soil by September 1998. Thus, from 55% to 70% of Br applied to the soil was lost as a consequence of leaching, plant uptake, or runoff. Loss of Br due to runoff was assumed negligible in this study because the experimental site was nearly level, daily precipitation events rarely exceeded 20 mm (except for the 46 mm event on 17 July 1998), and the soil was highly permeable (Sharratt, 1990 (Sharratt, , 1996 .
Neither tillage nor residue treatments influenced Br recovery in this study (Table 1) . These findings agree with those of Bicki and Guo (1991) , in which tillage did not influence Br recovery in an Agriudoll in Illinois. As indicated by Bicki and Guo (1991) , dissimilarities in porosity caused by tillage have little influence on solute movement (and therefore, solute loss) under conditions of limited precipitation and restricted soil water flow. Soil porosity and water retention characteristics can also be altered by tillage in the Subarctic (Sharratt, 1996) , but any apparent changes in these soil properties had no effect on Br recovery.
Date of sampling did influence Br recovery from the soil profile (Table 1) , with recovery diminishing with time after application (Fig. 2) . Loss of both autumn-applied and springapplied Br occurred between the autumn and spring sample dates, presumably either before soil freeze-up in the autumn or after initiation of snowmelt and soil thaw in the spring. Loss of autumn-applied Br between autumn and spring was more apparent in the first year of this study than in the second year. About 20% of the autumn-applied Br (or 120 kg ha -1 ) was lost between autumn 1996 and spring 1997 while 5% of the applied Br (or 30 kg ha -1 ) was lost between autumn 1997 and spring 1998. Loss of autumn-applied Br between autumn 1996 and spring 1997 may have been accentuated by heavy precipitation during this period, 70% (50 mm) more precipitation than was received during the subsequent autumn-tospring sample period. Extreme single-day precipitation events did not accentuate loss the first year, as the greatest single-day event equaled 12 mm during both autumn-to-spring periods. These single-day events, which occurred on 7 November 1996 and 9 October 1997, likely had no immediate impact on chemical movement within the soil profile, since precipitation was in the form of snow and either dissipated via sublimation/wind or persisted until spring melt. About 5% of the spring-applied Br (or 30 kg ha -1 ) was lost from the soil profile between autumn 1997 and spring 1998.
Loss of autumn-applied and spring-applied Br occurred during the early portion of the growing season. From early May to early July, loss of autumn-applied Br was equivalent to 145 kg ha -1 (25% of that applied) in 1997 and 105 kg ha -1 (about 20% of that applied) in 1998. Likewise, loss of spring-applied Br was equivalent to 170 kg ha -1 (about 30% of that applied) in 1997 and to 115 kg ha -1 (20% of that applied) in 1998. This loss appeared to result from plant uptake rather than leaching. Indeed, plant uptake of 100 kg Br ha -1 or more is not uncommon for barley (Pearson et al., 1996) or sorghum (Chao, 1966) . In addition, leaching is minimal at this time of year in interior Alaska. Knight and Sparrow (1993) found negligible leaching of fertilizer N in a barley cropping system over the course of three growing seasons. Leaching may also be minimal because evapotranspiration exceeds precipitation between May and July, so soil water reserves are rapidly depleted (Braley, 1980; Sharratt, 1998) . Precipitation between early May and early July in subsequent years equaled 63 and 51 mm, and the greatest single-day event approached only 18 mm in 1997 (8 June) and 9 mm in 1998 (6 July).
Loss of autumn-applied and spring-applied Br from the soil profile also occurred late in the growing season, although loss was not as apparent as during the early growing season (Fig. 2) . In fact, between the early July and late September sampling dates, loss of autumn-applied and spring-applied Br was typically less than 5 kg ha -1 (less than 1% of that applied). This relatively small loss may occur because barley attains physiological maturity by late July and thereafter requires little water and nutrients to sustain maturation processes. Loss of autumn-applied Br, however, was not observed during the latter portion of the 1997 growing season. In fact, an increase in Br (15 kg ha -1 ) was observed between the July and September 1997 sample dates. Although this increase in Br may be an aberration, enhanced recovery may be a consequence of leaching of Br from vegetation after physiological maturity. Loss of spring-applied Br in the latter portion of the growing season appeared consistent between 1997 and 1998 despite differences in precipitation. Precipitation was 10% (20 mm) greater between the July and September sampling dates in 1998 than in 1997, and the extreme single-day event approached 46 mm in 1998 (17 July) and only 17 mm in 1997 (16 August).
Br was not detected below a depth of 50 cm on any sampling date in this study (Fig. 3) . This depth corresponds closely to the maximum depth of rooting of barley in interior Alaska (Sharratt and Cochran, 1992) and to the depth of outwash sand and gravel. Failure to detect Br below 50 cm may then be due to depletion of Br as a result of plant uptake or rapid leaching through sand and gravel. Bromide applied in September 1996 was detected at this depth by May 1997 (data not shown), indicating that leaching had occurred within the soil profile. Movement of Br likely occurred after the initiation of spring thaw, since less than 10 mm of precipitation fell between the day of application (4 September) and freeze-up of the soil (3 October) in the autumn. Bromide applied in May 1997 was detected at the 50 cm depth in all tillage and residue treatments by September 1997.
Metribuzin
Movement of metribuzin was not detected within the soil profile. In fact, metribuzin was not detected below a depth of 10 cm at any time during this study (data not shown). Other reports also suggest that the mobility of metribuzin within soils is limited. Sharom and Stephenson (1976) , for example, found limited movement of metribuzin (generally less than 10 cm) after wetting 20 cm long thin sections of organic soils and mineral soils that ranged in texture from sand to clay. In addition, Nicholls et al. (1982) observed little movement (less than 10 cm) of metribuzin applied at the surface to sandy loam that was maintained fallow over an entire growing season in England. Little or no movement of metribuzin within the soil profile may occur because this chemical is tightly bound to soils with high clay or organic matter content (Sharom and Stephenson, 1976; Peter and Weber, 1985) or low pH (Ladlie et al., 1976) . Although the clay content of the soil in this study is 7%, the soil is rich in organic material (5.8% organic carbon content).
Tillage intensity appeared to accentuate the loss of metribuzin. Differences in loss among tillage treatments were first evident at the end of the 1997 growing season. At the end of this study, less metribuzin remained in the soil profile of the CT treatment than in that of the NT treatment (Table 2) . Indeed, no metribuzin was detected in the soil profile of the CT treatment while 6% or more of the applied metribuzin remained in the soil profile of the NT treatment at the end of the 1998 growing season. Loss of metribuzin from the soil profile over the course of this study can result from plant uptake, volatilization, degradation, or both. Volatilization of metribuzin is generally small (Savage, 1980) . Differences in recovery of metribuzin likely resulted from differences in degradation among tillage treatments. No tillage delays warming and results in cooler and wetter soils during the growing season in interior Alaska (Bidlake et al., 1992) , conditions which then retard degradation of metribuzin (Walker, 1978) . Locke and Harper (1991) also observed slower degradation of metribuzin in soils subjected to no tillage; they attributed this slow degradation to the higher organic carbon content of soils managed using no tillage versus conventional tillage. Similarly, degradation may have been influenced by organic carbon in this study as the soil organic carbon content is greater in the no tillage treatment as compared with other tillage treatments (Zhang and Sparrow, 2004) . Residue management had no influence on loss of metribuzin.
Recovery of metribuzin diminished with time (Table 2 ). About 25% of that chemical applied in the autumn was lost from the soil by the following spring. This loss is presumed to be the result of degradation, and not leaching, either before freeze-up of the soil in autumn 1996 or after initiation of thaw in spring 1997. Leaching was assumed negligible because precipitation in the autumn was minimal (10 mm between the day of application and freeze-up) and no metribuzin was detected below a depth of 10 cm. Likewise, from 30% to 50% of the residual metribuzin in the soil profile at the end of the 1997 growing season had been lost by spring 1998. This finding contrasts with that of a previous cropping systems experiment by Conn and Cameron (1988) , who found no degradation of metribuzin from September to May in a plot that was located near our tillage plots. Loss of metribuzin between autumn and spring may have been greater in the present study because springs were warmer or wetter in 1997 and 1998 than in 1983 and 1984, when Conn and Cameron sampled for metribuzin. The half-life of metribuzin (determined by linear interpolation between sample dates, since firstorder kinetics did not fit the data) differed among tillage treatments, but only when the chemical was applied in spring. Fifty percent of spring-applied metribuzin had dissipated 43 days after application to the CT and DO treatments and 49 days after application to the NT treatment. The half-life of autumn-applied metribuzin was about 285 days. A half-life of 20 to 210 days has been reported for metribuzin incubated under a range of soil moisture and temperature conditions (Walker, 1978) . In contrast to our results, Weed et al. (1995) found no differences in the half-life of metribuzin (32 days) applied to a loam soil in Iowa subjected to four tillage methods. About 80% of the spring-applied metribuzin and 90% of that applied in autumn were lost from the soil at the end of the first growing season. This loss of spring-applied metribuzin is comparable to that found by Conn and Cameron (1988) in interior Alaska.
CONCLUSIONS
Approximately 30% of the Br applied in September 1996 and 45% of the May 1997 application remained in the soil profile by September 1998. Thus, from 55% to 70% of Br applied to the soil had been lost as a result of leaching or plant uptake. Leaching resulted in a loss of 5% to 20% of the Br in the soil profile either before freeze-up of the soil in autumn or during spring thaw. Br was most susceptible to leaching when applied in autumn as opposed to spring. Plant uptake during the growing season was presumed to deplete 20% to 30% of Br from the soil profile. Metribuzin was also susceptible to loss from the soil profile, presumably as a result of degradation rather than leaching. Degradation may have been retarded by tillage practices that suppressed soil warming during the growing season or increased the organic carbon content of soil (e.g., no tillage). This study suggests that although tillage and residue management will not influence the loss of nitrate, tillage will affect herbicide persistence in Aeric Cryaquepts of Subarctic Alaska.
